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Cryptosporidium parvum infection of T-cell receptor alpha (TCR-a)-deficient mice results in a persistent
infection. In this study, treatment with a polyamine analogue (SL-11047) prevented C. parvum infection in
suckling TCR-a-deficient mice and cleared an existing infection in older mice. Treatment with putrescine,
while capable of preventing infection, did not clear C. parvum from previously infected mice. These findings
provide further evidence that polyamine metabolic pathways are targets for new anticryptosporidial chemo-
therapeutic agents.

Cryptosporidium parvum is an intracellular protozoan para-
site causing enteric infection and diarrheal disease in various
mammals, including cattle and humans (7). While the disease
is self-limiting in immunocompetent individuals, immunocom-
promised patients develop chronic life-threatening infections
(33). C. parvum is now the most commonly reported etiologic
agent isolated from diarrheic calves in the United States. In a
survey of 1,103 dairy herds, 48% of calves between 7 and 21
days of age were infected with C. parvum (9). Infected calves
provide potential sources for human infection through contam-
ination of watershed areas (22, 28, 29). In 1993, a waterborne
outbreak in Milwaukee, Wis., affected approximately 400,000
people (18). Despite the high prevalence and severity of dis-
ease in immunocompromised individuals, no effective thera-
pies are available for the prevention or treatment of crypto-
sporidiosis.

Many compounds have been tested for potential anticrypto-
sporidial activity (4, 32, 39). Cell culture systems have been
developed for in vitro screening of potential anticryptospo-
ridial compounds (32, 34, 39). In addition, immunodeficient
rodent models are available for in vivo testing of anticrypto-
sporidial compounds (4, 21, 32). One of these immunodeficient
strains, T-cell receptor alpha (TCR-a)-deficient mice, becomes
persistently infected with C. parvum when challenged with the
parasite as neonates or as adults (36). These mice lack ab T
cells, which are necessary for specific immune clearance of C.
parvum. Thus, TCR-a-deficient mice are useful animals for
testing anticryptosporidial compounds.

Recently, it was determined that C. parvum utilizes a unique
pathway for the synthesis of polyamines (15). Mammals and
most parasitic protozoa convert arginine into ornithine, which
is acted upon by ornithine decarboxylase for the synthesis of

putrescine, which is then converted into spermidine and
spermine (2, 3, 14). However, polyamine biosynthesis in C.
parvum occurs via a pathway used by plants and certain bac-
teria, in which arginine is converted to agmatine by the action
of arginine decarboxylase (40). Agmatine then serves as the
precursor for other polyamines. Neither arginine decarboxyl-
ase nor agmatine is found in other parasitic protozoa. C. par-
vum also has a reverse polyamine biosynthetic pathway not
found in other protozoa that enables the interconversion of
spermine, spermidine, and putrescine (15). These unique path-
ways are potential targets for anticryptosporidial chemothera-
peutic agents. Indeed, compounds affecting polyamine metab-
olism are effective inhibitors of in vitro C. parvum growth (15).

In a previous study, it was found that oral administration of
putrescine prevents C. parvum infection of immunocompetent
C57BL/6J mice (38). In the present study, we examined the
efficacy of putrescine and a polyamine analogue, SL-11047, in
both the prevention and treatment of C. parvum infection of
TCR-a-deficient mice. Breeding pairs of TCR-a-deficient mice
were purchased from Jackson Laboratories (Bar Harbor,
Maine). A breeding colony was established and maintained at
Iowa State University (Ames) for the generation of mice for
experiments. Mice received tap water and autoclaved rodent
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TABLE 1. Treatment of C. parvum-infected TCR-a-deficient mice
with putrescine or SL-11047a

Treatment

No.
infected/

no.
inoculated

Mean
infectivity

score 6 SEM

PBS (control) 25/25 1.32 6 0.10
Putrescine (0.65 mg BID, 7 days) (130 mg/kg) 17/17 1.12 6 0.08
SL-11047 (0.67 mg BID, 7 days) (134 mg/kg) 2/14* 0.15 6 0.10*
SL-11047 (0.67 mg BID, 2 days) (134 mg/kg) 13/13 1.46 6 0.14
SL-11047 (0.25 mg BID, 10 days) (50 mg/kg) 3/3 1.00 6 0.0

a Infectivity scores were determined as described in the text. BID, twice a day;
*, significantly different from controls (P , 0.05).

2891



chow (Harlan Teklad, Madison, Wis.) ad libitum. For the chal-
lenge inoculum, purified oocysts were isolated from feces col-
lected from calves experimentally inoculated with C. parvum
oocysts by a method described previously (13). Oral challenge
of mice consisted of 104 oocysts in 100 ml of 0.15 M phosphate-
buffered saline (PBS). Mice were challenged with C. parvum
oocysts at 1 week of age by gavage using a 24-gauge animal
feeding needle. To assess C. parvum colonization, fecal pellets
were collected either by placing individual mice into beakers
until they defecated or from the distal colon after mice were
euthanatized. Fresh fecal pellets were then smeared onto glass
slides, stained with carbol fuchsin, and examined microscopi-
cally (magnification, 3400) for the presence of C. parvum
oocysts. Samples were scored as positive (i.e., oocysts detected)
or negative (i.e., oocysts not detected). At the end of the
experiment, mice were euthanatized and intestinal sections
from the distal ileum and cecum were fixed in 10% formalin
and embedded in paraffin. Histologic sections were cut at a
thickness of 4 mm, stained with hematoxylin and eosin, and
examined microscopically for C. parvum and intestinal lesions.
Infectivity scores were as follows: 0, no C. parvum organisms
detected; 1, few C. parvum organisms detected; and 2, many C.
parvum organisms detected. Scores were determined upon ex-
amination of individual tissue sections; means were calculated
for each treatment group, and data are presented as group
means 6 standard errors of the means. Data were analyzed by
one-way analysis of variance followed by Tukey-Kramer mul-
tiple-comparison tests (mean infectivity scores), or two-by-two
contingency tables were formulated and data were analyzed by
Fisher’s exact test (percent infected). Data were considered
significant if P values of ,0.05 were obtained.

Putrescine (1,4-diaminobutane) dihydrochloride was pur-
chased from Sigma, St. Louis, Mo. SL-11047 ([1N,12N]bis
(ethyl)-cis-6,7-dehydrospermine) tetrahydrochloride was pre-
pared as described elsewhere (24). Solutions of putrescine (6.5
mg/ml) or SL-11047 (2.5 to 10 mg/ml) were prepared in PBS.
Compounds were administered to mice twice daily in 100-ml
volumes by gavage using a 24-gauge animal feeding needle. To
determine if potential anticryptosporidial compounds were ca-
pable of preventing C. parvum infection, suckling TCR-a-de-
ficient mice received either PBS, 0.65 mg of putrescine (130
mg/kg of body weight), or 0.25 mg of SL-11047 (50 mg/kg)
twice daily from 3 through 10 days of age, and all mice were
inoculated with 104 C. parvum oocysts at 7 days of age. Mice
receiving either putrescine (n 5 21) or SL-11047 (n 5 7) had
no evidence of C. parvum infection upon microscopic exami-
nation of ileal and cecal sections, whereas 18 of 21 mice re-
ceiving PBS (controls) were infected.

To determine if either putrescine or SL-11047 was effective
in the treatment of an existing C. parvum infection, 1-week-old
TCR-a-deficient mice were infected with C. parvum (104 oo-
cysts) and treatment regimens were initiated 1 week later. One
week after C. parvum challenge, fecal samples from each of the

FIG. 1. Histopathology of ceca from TCR-a-deficient mice infected with C.
parvum. (a) Cecum from a TCR-a-deficient mouse treated with the effective
SL-11047 treatment regimen (0.67 mg twice daily for 7 days). Note the absence
of C. parvum organisms despite the presence of hyperplastic epithelium (arrow-
head) and inflammatory cell infiltrates within the lamina propria (arrow). (b)
Cecum from a TCR-a-deficient mouse treated with PBS (infected control). Note
the presence of C. parvum organisms (white arrow), hyperplastic epithelium
(arrowhead), and inflammatory cell infiltrates within the lamina propria (black
arrow). Similar numbers of C. parvum organisms and associated hyperplastic or
inflammatory changes were detected in cecal sections from mice treated with
either putrescine or ineffective SL-11047 treatment regimens. (c) Cecum from an
age-matched (28-day-old), noninfected, nontreated TCR-a-deficient mouse.
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C. parvum-infected groups were checked to verify that mice
were infected. Mice then received twice-daily treatments of
either PBS for 7 days, 0.65 mg of putrescine for 7 days, 0.67 mg
of SL-11047 for 7 days, 0.25 mg of SL-11047 for 10 days, or 0.67
mg of SL-11047 for 2 days. All mice were euthanatized 1 week
after the final treatment. Ileal and cecal sections were exam-
ined for C. parvum and any associated histopathology. As
shown in Table 1, treatment of TCR-a-deficient mice with 0.67
mg of SL-11047 for 7 days significantly decreased the level of
infection. Treatment with SL-11047 at a lower dose (0.25 mg
twice daily for 10 days) or for a shorter duration (0.67 mg twice
daily for 2 days) did not inhibit infection (Table 1). Treatment
with putrescine dihydrochloride on an equal-weight basis as
the effective dose of SL-11047 (i.e., equivalent milligrams of
each compound, which results in a fourfold higher molar con-
centration of putrescine) did not inhibit infection (Table 1).
Treatment of mice with higher dosages of SL-11047 (1.0 mg
twice daily for 7 days), however, was toxic. Clinical signs of
SL-11047 toxicity included ataxia, inactivity, depression, wast-
ing, and eventual death. All mice treated with 0.67 mg of
SL-11047 for 7 days exhibited mild inactivity and depression,
yet no ataxia, wasting, or death was observed. Effective dosage
regimens, thus, were near toxic levels. Similar analogues with
potentially greater efficacy and equivalent or lower toxicity are
currently being tested (data not shown).

Mice receiving the effective regimen of SL-11047 treatment
(0.67 mg twice daily for 7 days), despite clearance of the par-
asite, still developed hyperplastic and inflammatory cecal le-
sions (Fig. 1a). These lesions are typically seen in C. parvum
infection of TCR-a-deficient mice, and this system has been
previously presented as a model for inflammatory bowel dis-
ease (37). The most prominent aspects of these lesions were
inflammatory cell infiltrates in the lamina propria, epithelial
cell hyperplasia, and gland microabscesses. Lesions were de-
tected in all C. parvum-challenged mice in this study (Fig. 1a
and b). In addition to hyperplastic and inflammatory cecal
lesions, mice treated with PBS, putrescine, or ineffective regi-
mens of SL-11047 also had numerous C. parvum organisms
within cecal tissues (Fig. 1b and Table 1). Only 2 of 14 intes-
tinal sections from mice receiving the effective regimen of
SL-11047 treatment had detectable C. parvum organisms upon
microscopic evaluation (Table 1). No C. parvum organisms or
hyperplastic or inflammatory intestinal lesions were detected
in the nonchallenged, nontreated control mice (Fig. 1c).

Numerous compounds have been examined for anticrypto-
sporidial activity (4, 39). Many of these compounds are effec-
tive against other protozoa yet are not effective against C.
parvum (16). A few compounds, however, have shown marginal
anticryptosporidial efficacy, including benzimidazoles, paro-
momycin, azithromycin, clarithromycin, roxithromycin, mino-
cycline, and pyrimethamine (8, 10, 19). Other therapies have
also been examined for treatment of C. parvum infection, in-
cluding orally administered colostrum-derived bovine immu-
noglobulin, vaccination with lyophilized C. parvum oocysts,
probiotics, and monoclonal antibodies to C. parvum exoanti-
gens, and parenteral injection of recombinant gamma inter-
feron, recombinant interleukin-12, or dehydroepiandrosterone
(1, 6, 11, 12, 23, 25, 27, 35). Despite extensive research, no safe
and effective therapies have emerged for the treatment of
cryptosporidiosis.

Unlike in Eimeria, Toxoplasma, and Plasmodium spp., poly-
amine biosynthesis in C. parvum occurs by a pathway used by
plants and some bacteria (15). This pathway is initiated by the
conversion of arginine to agmatine by the action of arginine
decarboxylase. In Escherichia coli, arginine decarboxylase is
secreted into the periplasmic space for conversion of arginine

to agmatine, thus providing a close proximity to rich stores of
arginine within the intestinal lumen and preventing toxic in-
tracellular accumulations of putrescine (5, 30). This location of
polyamine biosynthesis within E. coli demonstrates the poten-
tial for cytotoxic interactions of polyamine metabolites within
organisms using this biosynthetic pathway. Interestingly, C.
parvum is uniquely situated in an intracellular yet extracyto-
plasmic location on the apical side of enterocytes. As with E.
coli, this location allows maximal access to intestinal lumen-
derived polyamines. In addition, this location provides ease in
delivery of high concentrations of putrescine or SL-11047 by
oral administration. Thus, oral administration of polyamines
may inhibit C. parvum development through cytotoxic accumu-
lations of polyamine biosynthesis metabolites within the para-
site.

In our study, we found that oral administration of putrescine
or SL-11047 (a spermine analogue) to suckling TCR-a-defi-
cient mice prevented C. parvum infection. In addition, SL-
11047 treatment of C. parvum-infected TCR-a-deficient mice
cleared an ongoing C. parvum infection. The mechanism of in
vivo inhibition of C. parvum by these compounds is unclear.
They may act by affecting the parasite as well as the host (15,
20, 31). Evidence for action against the parasite includes (i)
inhibition of in vitro C. parvum development by compounds
affecting polyamine metabolism (15) and (ii) the ability of the
compound to clear C. parvum in immunodeficient mice (e.g.,
those lacking ab T cells, which are necessary for the specific
immune clearance of the parasite). Alternatively, these com-
pounds may enhance host resistance to the parasite by affecting
intestinal cell proliferation and differentiation. Polyamines, in-
cluding putrescine, induce proliferative changes (e.g., crypt cell
proliferation, elongation of crypts, lengthening of villi, and
increases in the numbers of intestinal cells) as well as matura-
tional changes (e.g., expression of disaccharidases and immune
cell development) within the intestine (17, 31). Proliferative
changes typical of the onset of inflammatory bowel disease
were detected in all C. parvum-infected TCR-a-deficient mice
in this study, including mice which were successfully treated
with SL-11047. Thus, it is unlikely that enhanced proliferation
induced by polyamine treatment is a mechanism involved in
clearance of C. parvum infection of TCR-a-deficient mice.
Other effects of SL-11047 administration on enterocyte and/or
intestinal immune cell maturation, however, may be involved
in C. parvum clearance.

In conclusion, we have shown that both putrescine and a
spermine analogue (SL-11047) prevent C. parvum infection
when administered to suckling TCR-a-deficient mice. In addi-
tion, SL-11047 treatment of C. parvum-infected TCR-a-defi-
cient mice cleared an otherwise persistent infection.
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